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(57) ABSTRACT

A method of generating a tomography image includes per-
forming a depth scan on one spot on a surface of a subject
using modulated light received from a spatial light modulator,
obtaining depth scan data for each of a plurality of patterns of
the spatial light modulator by repeating the depth scan on the
spot for each of the plurality of patterns, forming a matrix R
representing a vector space based on a correlation of signal
values of the depth scan data for each of the plurality of
patterns, performing a matrix decomposition on the matrix R,
dividing the vector space into a noise subspace and a signal
subspace based on a matrix obtained by the matrix decompo-
sition, constructing a vector space based on either one or both
of components of the signal subspace and components of the
noise subspace, and generating a tomography image based on
the reconstructed vector space.
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APPARATUS AND METHOD FOR
GENERATING TOMOGRAPHY IMAGE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/673,989 filed on Jul. 20, 2012, and
Korean Patent Application No. 10-2013-0069201 filed on
Jun. 17, 2013, in the Korean Intellectual Property Office, the
disclosures of which are incorporated herein by reference in
their entirety for all purposes.

BACKGROUND

1. Field

This application relates to methods and apparatuses for
generating a tomography image using light.

2. Description of Related Art

Light is currently being used in various fields. In the bio-
logical and medical fields, light is used to observe tissues or
cells, diagnose disease, or perform laser surgery in various
ways.

By using various characteristics of light, such as mono-
chromaticity, coherence, and directionality, it is possible to
capture high-resolution images of living tissues or cells, and
thus observe the internal structures of human bodies and
living bodies non-invasively. The high-resolution images
make it possible to identify the cause, location, and progres-
sion of various kinds of disease in the medical field. The
high-resolution images include tomography images of human
bodies or living bodies captured using light that penetrates
into the human bodies and living bodies.

SUMMARY

In one general aspect, a method of generating a tomogra-
phy image includes performing a depth scan on one spot on a
surface of a subject using modulated light received from a
spatial light modulator configured to modulate either one or
both anintensity and a phase light received from a light source
according to a pattern for each of a plurality of patterns;
obtaining depth scan data for each of the plurality of patterns
by repeating the depth scan on the spot for each of a plurality
of patterns of the spatial light modulator; forming a matrix R
representing a vector space based on a correlation of signal
values of the depth scan data for each of the plurality of
patterns; performing a matrix decomposition on the matrix R;
dividing the vector space represented as a sum of subspace
components into a noise subspace and a signal subspace
based on a matrix obtained by the matrix decomposition;
reconstructing a vector space based on either one or both of
components of the signal subspace and components of the
noise subspace; and generating a tomography image based on
the reconstructed vector space.

The dividing of the vector space may include determining
a threshold based on characteristics of the subspace compo-
nents or noise levels of the signal values; and dividing the
vector space into the noise subspace and the signal subspace
based on the threshold and the matrix obtained by the matrix
decomposition.

The reconstructing of the vector space may include recon-
structing the vector space based only on the components of
the signal subspace.

The reconstructing of the vector space may include calcu-
lating a multiple signal classification (MUSIC) spectrum
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based on the components of the noise subspace; and recon-
structing the vector space based on the calculated MUSIC
spectrum.

The matrix R may be a covariance matrix of signal values
of the depth scan data for each of the plurality of patterns.

The performing of the matrix decomposition on the matrix
R may include performing an eigenvalue decomposition or a
singular value decomposition on the matrix R.

The performing of the matrix decomposition on the matrix
R may include performing an eigenvalue decomposition on
the matrix R; and the dividing of the vector space may include
ranking eigenvalues of an eigenvalue matrix obtained by the
eigenvalue decomposition in size order, the eigenvalues of the
eigenvalue matrix corresponding to eigenvectors of an eigen-
vector matrix; and dividing the ranked eigenvalues based on a
threshold to divide the vector space into the noise subspace
and the signal subspace.

The performing of the matrix decomposition on the matrix
R may include performing a singular value decomposition on
the matrix R; and the dividing of the vector space may include
ranking singular values of a singular value matrix obtained by
the matrix decomposition in size order, the singular values of
the singular value matrix corresponding to singular vectors of
a singular vector matrix; and dividing the ranked singular
values based on a threshold to divide the vector space into the
noise subspace and the signal subspace.

The plurality of patterns may be uncorrelated with each
other.

The plurality of patterns may be determined based on per-
mutations of a Hadamard pattern.

The spatial light modulator may include a digital micro-
mirror device (DMD), or a deformable mirror (DM) device,
or a Liquid Crystal on Silicon (L.CoS) device.

The method may be an optical coherent tomography
(OCT) method or a optical coherent microscopy (OCM)
method.

In another general aspect, a non-transitory computer-read-
able storage medium stores a computer program for control-
ling a computer to perform the method described above.

In another general aspect, an apparatus for generating a
tomography image includes a light source configured to emit
light; a spatial light modulator configured to modulate either
one or both of an intensity and a phase of the light emitted
from the light source according to a pattern; a modulation
controller configured to sequentially apply each of a plurality
of patterns to the spatial light modulator; a depth scanner
configured to perform a depth scan on one spot on a surface of
a subject using modulated light received from the spatial light
modulator, repeat the depth scan on the spot for each of the
plurality of patterns of the spatial light modulator, and obtain
light produced by the depth scan for each of the plurality of
patterns; a data detector configured to detect depth scan data
for each of the plurality of patterns from the light produced by
the depth scan for each of the plurality of patterns obtained by
the depth scanner; a signal processor configured to form a
matrix R representing a vector space based on a correlation of
signal values of the depth scan data for each of the plurality of
patterns, perform a matrix decomposition on the matrix R,
divide the vector space represented as a sum of subspace
components into a noise subspace and a signal subspace
based on a matrix obtained by the matrix decomposition, and
reconstruct a vector space based on either one or both of
components of the signal subspace and components of the
noise subspace; and an image generator configured to gener-
ate a tomography image corresponding to the spot based on
the reconstructed vector space.
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The signal processor may be further configured to deter-
mine a threshold based on characteristics of the components
of'the subspace or noise levels of the signal values; and divide
the vector space into the noise subspace and the signal sub-
space based on the threshold and the matrix obtained by the
matrix decomposition.

The matrix R may be a covariance matrix of signal values
of the depth scan data for each of the plurality of patterns.

The signal processor may be further configured to perform
an eigenvalue decomposition or a singular value decomposi-
tion as the matrix decomposition on the matrix R.

The signal processor may be further configured to calculate
a multiple signal classification (MUSIC) spectrum based on
components of the noise subspace; and reconstruct the vector
space based on the calculated MUSIC spectrum.

The plurality of patterns may be uncorrelated with each
other.

The apparatus may further include a light controller con-
figured to horizontally move a location of the spot on the
surface on the subject on which the depth scan is performed;
the depth scanner may be further configured to repeat the
depth scan for each of the plurality of patterns on the moved
spot; the data detector may be further configured to obtain
depth scan data for the plurality of patterns for the moved
spot; the signal processor may be further configured to recon-
struct a vector space for the moved spot; and the image gen-
erator may be further configured to generate a tomography
image corresponding to the moved spot based on the recon-
structed vector space, and generate a final tomography image
of'aregion corresponding to all of the spots at which the depth
scan was performed by combining the tomography images
corresponding to all of the spots.

In another general aspect, a method of generating a tomog-
raphy image includes generating a reference light and a mea-
suring light from light emitted from a light source; modulat-
ing any one of the light emitted from the light source, the
reference light, and the measuring light with a spatial modu-
lator configured to modulate either one or both of an intensity
and a phase of light according to a pattern for each of a
plurality of patterns; performing a depth scan on one spot on
a surface of a subject by applying the measuring light to the
spot and receiving a response light from the spot; repeating
the depth scan for each of the plurality of patterns; obtaining
interference light produced by interference of the reference
light and the response light; obtaining depth scan data for
each of the plurality of patterns based on the interference
light; forming a matrix R representing a vector space based on
a correlation of signal values of the depth scan data for each of
the plurality of patterns; performing a matrix decomposition
on the matrix R; dividing the vector space represented as a
sum of subspace components into a noise subspace and a
signal subspace based on a matrix obtained by the matrix
decomposition; reconstructing a vector space based on either
one or both of components of the signal subspace and com-
ponents of the noise subspace; and generating a tomography
image based on the reconstructed vector space.

Other features and aspects will be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an example of an
apparatus for generating tomography images.

FIG. 2 is a graph illustrating an example of the separation
of signal components and noise components based on the
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correlation of signal values of depth scan data for each of a
plurality of patterns performed by a signal processor in FIG.
1.

FIG. 3 is a graph illustrating that a tomography image
having an increased penetration depth is obtained by gener-
ating the tomography image by reconstructing a vector space.

FIG. 4 is a view illustrating an example of an optical
coherence tomography apparatus that is an example of the
apparatus for generating tomography images illustrated in
FIG. 1.

FIG. 5 is a flow chart illustrating an example a method of
generating tomography images.

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses, and/or systems described herein. However,
various changes, modifications, and equivalents of the meth-
ods, apparatuses, and/or systems described herein will be
apparent to one of ordinary skill in the art. The sequences of
operations described herein are merely examples, and are not
limited to those set forth herein, but may be changed as will be
apparent to one of ordinary skill in the art, with the exception
of operations necessarily occurring in a certain order. Also,
description of functions and constructions that are well
known to one of ordinary skill in the art may be omitted for
increased clarity and conciseness.

Throughout the drawings and the detailed description, the
same reference numerals refer to the same elements. The
drawings may not be to scale, and the relative size, propor-
tions, and depiction of elements in the drawings may be
exaggerated for clarity, illustration, and convenience.

FIG. 1 is a block diagram illustrating an example of an
apparatus for generating tomography images. Referring to
FIG. 1, the tomography image generating apparatus 100
includes a light source 110, a spatial light modulator 120, a
modulation controller 130, a depth scanner 140, a data detec-
tor 150, a signal processor 160, and an image generator 170.

The tomography image generating apparatus 100 illus-
trated in FIG. 1 includes only components associated with
this example to avoid obscuring the features of this example.
It will be apparent to one of ordinary skill in the art that other
components besides the components illustrated in FIG. 1 may
also be included in the tomography image generating appa-
ratus 100.

The tomography image generating apparatus 100 is an
apparatus for obtaining tomography images of a subject using
light, and includes all optical image apparatuses that may
obtain tomography images based on optical coherency, such
as an optical coherence tomography (OCT) apparatus, an
optical coherent microscopy (OCM) apparatus, and an optical
microscope.

The light source 110 emits light. For example, the light
source 110 may emit wavelength-swept light or laser light,
but is not limited thereto.

The spatial light modulator 120 modulates either one or
both of the intensity and the phase of the emitted from the
light source 110 light according to a pattern. The spatial light
modulator modulates the light emitted from the light source
110 to have either one or both of different intensities and
different phases according to the pattern. For example, the
spatial light modulator 120 may include a plurality of pixels.
The spatial light modulator 120 may modulate the either one
or both of the intensity and the phase of the light emitted from
the light source 110 according to a pattern in which the pixels
are arranged. The spatial light modulator 120 may be a digital
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micromirror device (DMD). The DMD includes micromir-
rors reflecting incident light, controls an on/off operation of
each of the micromirrors, and forms patterns according to the
arrangement of the on/oft pixels. However, the spatial light
modulator 120 is not limited to a DMD, but may be, for
example, a deformable mirror (DM) device or a Liquid Crys-
tal on Silicon (LCoS) device.

The modulation controller 130 sequentially applies each of
aplurality of patterns to the spatial light modulator 120. Also,
the modulation controller 130 may determine a plurality of
uncorrelated patterns of the spatial light modulator 120.

For example, the modulation controller 130 may determine
the plurality of patterns so that the plurality of patterns are
uncorrelated with each other with respect to phase modula-
tion of the light emitted from the light source 110. In one
example, the modulation controller 130 may determine the
plurality of uncorrelated patterns so that the plurality of
uncorrelated patterns are orthogonal to each other. In another
example, the modulation controller 130 may determine the
plurality of uncorrelated patterns so that the plurality of
uncorrelated patterns are based on permutations of a Had-
amard pattern.

The modulation controller 130 may perform spatial shift
modulation on some patterns to obtain a plurality of patterns.
Spatial shift modulation shifts the on/off arrangement of pix-
els by a certain number of pixels vertically or horizontally
with respect to one pattern that is formed by the on/off
arrangement of pixels to obtain a plurality of shifted patterns.

For example, the modulation controller 130 may perform
vertical spatial shift modulation by shifting one pattern by
various numbers of pixels vertically to obtain vertical spatial
shift modulated patterns. In addition, the modulation control-
ler 130 may perform horizontal spatial shift modulation by
shifting the vertical spatial shift modulated patterns by vari-
ous numbers of pixels horizontally to obtain horizontal spa-
tial shift modulated patterns. The modulation controller 130
may thus obtain a plurality of patterns corresponding to a
number of times that spatial shift modulation is performed,
plus the one pattern that was shifted.

The modulation controller 130 may be implemented by at
least one processor or may include at least one processor.

The depth scanner 140 performs a depth scan on one spot
on a surface of the subject 10 using modulated light received
from the spatial light modulator 120. The depth scanner 140
performs the depth scan by transmitting the modulated light
received from the spatial light modulator 120 in a depth
direction of the subject 10 onto one spot on the surface of the
subject 10, and receiving light according to a depth returning
to the depth scanner 140 due to transmission, reflection, scat-
tering, etc., of the transmitted light incident on the subject 10.
The depth scan is also referred to as an A-scan. In one
example, the depth scanner 140 may perform the depth scan
using optical coherency.

The depth scanner 140 repeats the depth scan on the same
spot on the surface of the subject 10 for each of a plurality of
patterns of the spatial light modulator 120.

The depth scanner 140 may be implemented by at least one
processor or may include at least one processor. In addition,
the depth scanner 140 may be placed in the tomography
image generating apparatus 100 as shown in FIG. 1, or may be
placed outside the tomography image generating apparatus
100.

The data detector 150 detects depth scan data for each of
the plurality of patterns from the light that is obtained by the
depth scanner 140 from the depth scan performed by the
depth scanner 140 for each of the plurality of patterns of the
spatial light modulator 120.
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For example, the data detector 150 may detect a spectrum
signal that represents an intensity of a signal according to a
depth from the light that returns to the depth scanner 140 due
to transmission, reflection, scattering, etc., of the transmitted
light incident on the subject 10.

The data detector 150 may be implemented by at least one
processor or may include at least one processor. In addition,
the data detector 150 may be placed in the tomography image
generating apparatus as shown in FIG. 1, or may be placed
outside the tomography image generating apparatus 100.

In particular, the depth scanner 140 repeats the depth scan
for each of the plurality of patterns and the data detector 150
may obtains depth scan data for each of the plurality of
patterns through the process described below.

The modulation controller 130 applies a first pattern to the
spatial light modulator 120, the depth scanner 140 receives
light for the first pattern from one spot on a surface of the
subject 10, and the data detector 150 detects depth scan data
for the first pattern from the light received by the depth
scanner 140.

After the data detector 150 detects the depth scan data for
the first pattern, the data detector 150 transmits a control
signal to the modulation controller 130 to control the modu-
lation controller 130 to apply a second pattern to the spatial
light modulator 120, the depth scanner 140 performs a depth
scan on the same spot on the surface of the subject 10 for the
second pattern. The data detector 150 detects depth scan data
for the second pattern from the light received by the depth
scanner 140, and transmits a control signal to the modulation
controller 130.

Similarly, the modulation controller 130 sequentially
applies a third pattern, a fourth pattern, etc., to the spatial light
modulator 120 in response to control signals from the data
detector 150, the depth scanner 140 sequentially repeats the
depth scan on the same spot on the surface of the subject 10
for each of the applied patterns, and the data detector 150
sequentially detects depth scan data for the plurality of pat-
terns.

The signal processor 160 separates noise components and
signal components based on the correlation of signal values of
the depth scan data for each of the plurality of patterns, and
enhances the signal components. The signal processor 160
may perform a matrix decomposition on a matrix R repre-
senting a vector space generated based on the correlation of
signal values of the depth scan data for each of the plurality of
patterns, and divide the vector space represented as a sum of
subspace components into a noise subspace and a signal
subspace based on a matrix obtained by the matrix decompo-
sition to separate the noise components and the signal com-
ponents.

First, the signal processor 160 obtains signal values of
depth scan data for each of the plurality of patterns. For
example, when m signal values are obtained according to a
depth from depth scan data for one pattern, mxn signal values
may be obtained for n patterns as represented by Equation 1
below.

®

In Equation 1, Y represents a set of signal values of depth
scan data for each of a plurality of patterns, andy,,” represents
an m-th signal value of depth scan data for an n-th pattern.
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The signal value y,,” of depth scan data is a value that
includes an actual signal and noise such as noise due to light
scattering. Accordingly, a signal for the depth scan data may
be represented by Equation 2 below.

yO=Ax(D)+n(?) @

In Equation 2, y(t) represents a signal value of the depth
scan data, A represents a point spread function (PSF) of
incident light that enters the subject 10, x(t) represents an
actual signal, and n(t) represents white noise.

The signal processor 160 attempts to decrease n(t), a noise
component, and enhance x(t), an actual signal component, in
each signal based on the correlation of signal values of the
depth scan data obtained for each of a plurality of patterns.

The signal processor 160 generates a matrix R representing
a vector space based on the correlation of signal values of
depth scan data for each of a plurality of patterns. For
example, the matrix R may be a covariance matrix of signal
values of depth scan data for each of a plurality of patterns.
However, it will be apparent to one of ordinary skill in the art
that the matrix R may be any of various matrices that are
based on the correlation of signal values, rather than the
covariance matrix. For convenience of explanation, it is
assumed below that the matrix R is the covariance matrix.

Accordingly, the signal processor 160 obtains a covariance
matrix R with respect to a set of signal values Y of depth scan
data for each of a plurality of patterns. The covariance matrix
R may be obtained by multiplying a matrix of the set of signal
values Y by a conjugate transpose matrix of Y according to
Equation 3 below.

o (3

R=Cov. Y=Y Y" =

S

C T

In Equation 3, R represents a covariance matrix, Cov_Y
represents a covariance matrix for a set of signal values Y, and
Y* represents the conjugate transpose matrix of’ Y. When the
number of the plurality of patterns is n, m signal values are
obtained for each pattern, and m is equal to or greater than n,
the covariance matrix R may consist of mxm values. In Equa-
tion 3, r,,,” is a signal value of the covariance matrix R and,
represents that signal values of the covariance matrix R may
consist of mxm values.

When Equation 3 corresponding to a covariance of signal
values of depth scan data for a plurality of patterns is modified
to represent an actual signal and noise that are included in the
signal values of the depth scan data, Equation 4 below is
obtained.

R,=AR 4"+c°] 4)

In Equation 4, R represents a covariance of signal values
of depth scan data obtained for a plurality of patterns. R, may
be represented by a signal component A-R A and a noise
component o°1. In the signal component A-R -A¥, R_ repre-
sents a covariance between actual signal components that are
included in signal values of depth scan data, A represents a
PSF of incident light that enters the subject 10, and AZ rep-
resents the conjugate transpose matrix of A. In the noise
component o°I, 0° represents a noise variance and/represents
an identity matrix.

The signal processor 160 performs a matrix decomposition
on the matrix R. For example, the signal processor 160 may
decompose the matrix R by performing an eigenvalue decom-
position or a singular value decomposition. For convenience
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of explanation, it is assumed below that the signal processor
160 decomposes the matrix R by performing the singular
value decomposition.

The signal processor 160 decomposes the matrix R by
performing the singular value decomposition according to
Equation 5 below.

ud .o M 0000 Voo ®
.10 A 0 0 .
SVD(R) = : ) :
. , 0 0 - 0 o
U Y=o 0 0 A, ve e

In Equation 5, SVD(R) represents a singular value decom-
position of the matrix R. The matrix R may be expressed as
the product of three matrices as in Equation 5 above. A first
matrix includes Ixmu,,’ values, and the m columns of the first
matrix are called left-singular vectors. A second matrix is a
diagonal matrix that includes mxm values, including non-
negative A, values as its diagonal components, and zeroes as
its other components. The A, values are singular values, and
thus the second matrix may be called a singular value matrix.
A third matrix of includes mxz v, values, and the m columns
of the third matrix are called right-singular vectors.

The signal processor 160 divides the vector space repre-
sented by the matrix R represented as a sum of subspace
components into a noise subspace and a signal subspace
based on a matrix obtained by the matrix decomposition of
the matrix R.

The signal processor 160 may divide the vector space into
the noise subspace and the signal subspace based on a thresh-
old and the matrix obtained by the matrix decomposition. The
signal processor 160 may determine a threshold based on the
characteristics of subspaces components or noise levels of the
signals. The threshold may be a signal-to-noise ratio (SNR) or
a noise variance, but is not limited thereto.

For example, the signal processor 160 may decompose the
matrix R by performing a singular value decomposition and
rank in size order singular values of a singular value matrix
obtained by the singular value decomposition. The singular
values of the singular value matrix correspond to singular
vectors of a singular vector matrix. The signal processor 160
may divide the ranked values based on a predetermined
threshold to divide a vector space into a noise subspace and a
signal subspace.

For example, the signal processor 160, may rank A values
of'the second matrix of Equation 5 (the singular value matrix)
in descending order, and divide the ranked values into values
larger than a predetermined threshold and values smaller than
the threshold. The values larger than the threshold may be
signal components and the values smaller than the threshold
may be noise components. Accordingly, the signal processor
160 may divide the vector space of the matrix R into a noise
subspace and a signal subspace.

For example, when the signal processor 160 ranks A values
in size order, the signal processor 160 may divide the vector
space into the signal subspace and the noise subspace as
according to Equation 6 below in which A, to A, are values
larger than the threshold and A, , to A, are values smaller than
the threshold.

R=|l1-[ I P VY
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As can be seen from Equation 6, the vector space of the
matrix R may be represented as a sum of subspace compo-
nents obtained through the matrix decomposition. The signal
processor 160 assigns A, to A, of the vector space to the signal
subspace, and assigns A,,, to A, of the vector space to the
noise subspace. In order to avoid obscuring the features of this
example, components other than singular value components
in Equation 6 are expressed as [ ... ].

In another example, the signal processor 160 may decom-
pose the matrix R by performing an eigenvalue decomposi-
tion and rank in size order eigenvalues of an eigenvalue
matrix obtained by the eigenvalue decomposition. The eigen-
values of the eigenvalue matrix correspond to eigenvectors of
a eigenvector matrix. The signal processor 160 may divide the
ranked values based on a predetermined threshold to divide a
vector space represented as a sum of subspace components
into a noise subspace and a signal subspace.

The signal processor 160 may automatically perform an
operation of dividing the vector space into the noise subspace
and the signal subspace using a predetermined computer
algorithm.

Finally, the signal processor 160 reconstructs a vector
space based on either one or both of the components of the
signal subspace and the components of the noise subspace.

For example, the signal processor 160 may reconstruct a
vector space based only on the components of the signal
subspace without the components of the noise subspace.
When the vector space of Equation 6 is reconstructed without
noise components, Equation 7 below may be obtained.

R=Ap[o. .. 1+

] @]

In Equation 7, R' represents a reconstructed vector space.
Referring to Equations 6 and 7, the signal processor 160 may
remove the components of the noise subspace corresponding
to the noise components of A, | to A, to reconstruct the vector
space based only on the components of the signal subspace.

In another example, the signal processor 160 may recon-
struct a vector space based only on the components of a noise
subspace. In this example, the signal processor 160 may
reconstruct the vector space based on the components of the
noise subspace of A, | to A, in the vector space of Equation 6
above.

For example, the signal processor 160 may calculate a
multiple signal classification (MUSIC) spectrum based on the
components of the noise subspace, and reconstruct a vector
space based on the calculated MUSIC spectrum.

The signal processor 160 may calculate a MUSIC spec-
trum according to Equation 8 below.

+1

1 ®

Pyy = ——mp
e All,

In Equation 8, P, represents the MUSIC spectrum of a
vector space, Q represents the components of a noise sub-
space, QY represents the conjugate transpose of the compo-
nents of the noise subspace, A represents the PSF of the
optical system, and p represents a p-norm. Accordingly, the
MUSIC spectrum P,,,, may be obtained by obtaining the
p-norm of the product of the conjugate transpose Q of the
components of the noise subspace and vector A and then
obtaining the inverse of the p-norm.

The calculated value of the p-norm is small where there is
a signal and is large where there is noise in the MUSIC
spectrum. Accordingly, the inverse of the calculated value of
the p-norm is large where there is a signal and small where
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there is noise in the MUSIC spectrum. Accordingly, the signal
processor 160 may restore actual signals buried in noise com-
ponents.

The signal processor 160 may automatically perform an
operation of reconstructing a vector space based on either one
or both of the components of the signal subspace and the
components of the noise subspace using a predetermined
computer algorithm.

The signal processor 160 outputs values of the recon-
structed vector space corresponding to the result of the signal
processing described above to the image generator 170.

The signal processor 160 may be implemented by at least
one processor or may include at least one processor. In addi-
tion, the signal processor 160 may be placed in the tomogra-
phy image generating apparatus 100 as shown in FIG. 1, or
may be placed outside the tomography image generating
apparatus 100.

The image generator 170 generates a tomography image
based on the reconstructed vector space. Accordingly, the
image generator 170 may obtain a tomography image in
which a noise component is decreased and a signal compo-
nent is enhanced.

The image generator 170 may be implemented by at least
one processor or may include at least one processor. In addi-
tion, the image generator 170 may be placed in the tomogra-
phy image generating apparatus 100 as shown in FIG. 1, or
may be placed outside the tomography image generating
apparatus 100.

In addition, the tomography image generating apparatus
100 may further include a light controller 145. The light
controller 145 may horizontally move the location of the spot
on the surface of the subject 10 on which the depth scan is
performed for each of the plurality of patterns. Accordingly,
the depth scanner 140 repeats the depth scan for each of the
plurality of patterns of the spatial light modulator 120 on the
moved spot, the data detector 150 obtains the depth scan data
for each of the plurality of patterns for the moved spot, the
signal processor 160 reconstructs a vector space from the
depth scan data for the plurality of patterns for the moved
spot, and the image generator 170 generates a tomography
image corresponding to the moved spot based on the recon-
structed vector space.

The image generator 170 sequentially obtains a plurality of
tomography images respectively corresponding to a plurality
of spots as the tomography image generating apparatus 100
repeats the operations described above as the light controller
145 moves the location of the spot to a plurality of locations.
The image generator 170 combines the plurality of tomogra-
phy images corresponding to the plurality of spots to generate
one tomography image of a region of the subject 10 including
all of the spots at which the plurality of tomography images
were obtained.

As described above, the tomography image generating
apparatus 100 may obtain signal values based on a plurality of
uncorrelated patterns of the spatial light modulator 120, sepa-
rate noise components and signal components based on the
correlation of the obtained signal values, and reconstruct a
vector space based on the separated components to generate a
tomography image having decreased noise. Thus, the tomog-
raphy image generating apparatus 100 may obtain a tomog-
raphy image having an increased resolution and an increased
penetration depth according to an increased signal-to-noise
ratio (SNR).

In addition, since the tomography image generating appa-
ratus decreases noise such as speckle noise through the signal
processing of the obtained signals without feedback using the
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spatial light modulator 120, the tomography image generat-
ing apparatus may quickly obtain the tomography image.

FIG. 2 is a graph illustrating an example of the separation
of signal components and noise components based on the
correlation of signal values of depth scan data for each of a
plurality of patterns performed by the signal processor in FIG.
1. In FIG. 2, the horizontal axis represents the singular vectors
v,,, and the vertical axis represents the singular values A.

The signal processor 160 decomposes a matrix R generated
based on the correlation of signal values of depth scan data for
each of a plurality of patterns by performing a singular value
decomposition, and ranks in size order singular values of a
singular value matrix obtained by the singular value decom-
position. The singular values of the singular value matrix
correspond to singular vectors of a singular vector matrix.

Although the signal processor 160 decomposes the matrix
R by performing the singular value decomposition in the
above example, the signal processor may decompose the
matrix R by performing another type of matrix decomposi-
tion.

In order to help understand the dividing of a vector space
into a noise subspace and a signal subspace, the A values
ranked in size order may be represented by the solid line 210
in the graph in FIG. 2. The dashed line 220 represents a
predetermined threshold A, based on which the vector space
is divided into the signal subspace and the noise subspace.
Based on the threshold A, the signal processor 160 divides
the ranked A values of the singular value matrix into values
larger than the threshold and values smaller than the thresh-
old.

The signal processor 160 may determine the predeter-
mined threshold A, based on the characteristics of the com-
ponents of subspaces or noise levels of the signal values. For
example, the signal processor 160 may determine a noise
variance as the threshold A,,,. Alternatively, the signal proces-
sor 160 may determine a signal-to-noise ratio (SNR) as the
threshold A,. Accordingly, the vector space may be divided
into the signal subspace and the noise subspace.

That is, the signal processor 160 may divide the singular
values into values 230 included in the signal subspace and
values 240 included in the noise subspace by assigning values
larger than the threshold A, to the values 230 included in the
signal subspace, and assigning values smaller than the thresh-
old A, to the values 240 included in the noise subspace.

The signal processor 160 may divide the vector space into
the signal subspace and the noise subspace using the divided
values, and reconstruct the vector space using either one or
both of the components of the signal subspace and the com-
ponents of the noise subspace. The image generator 170 may
generate a tomography image based on the reconstructed
vector space.

Accordingly, the tomography image generating apparatus
100 may separate noise components and signal components
based on the correlation of signal values of depth scan data for
each of a plurality of patterns and generate a tomography
image in which a signal component is enhanced.

FIG. 3 is a graph illustrating that a tomography image
having an increased penetration depth is obtained by gener-
ating the tomography image by reconstructing a vector space.
In FIG. 3, the horizontal axis represents a depth and the
vertical axis represents an amplitude.

A depth scan may be performed by the depth scanner 140
of the tomography image generating apparatus 100 on one
spot on the surface ofthe subject 10, and signal values accord-
ing to a depth that are obtained by the depth scan may be
represented by the graph in FIG. 3.
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When the depth scanner 140 transmits light to the surface
of the subject 10, noise occurs due to multiple scattering of
light that penetrates the subject 10. As a penetration depth
increases, an amplitude of a signal obtained by the depth
scanner 140 decreases. Thus, when the penetration depth is
reaches a specific depth, the amplitude of the signal decreases
to the point that the signal cannot be distinguished from noise.

InFIG. 3,as0lidline 310 represents a signal. It may be seen
that as the penetration depth increases, the amplitude of the
solid line 310 decreases. A dashed line 320 in FIG. 3 repre-
sents a noise component before the signal processor 160
performs signal processing. Since the amplitude of the signal
decreases as the penetration depth increases, if the penetra-
tion depth is greater than a specific penetration depth 330, the
amplitude of the dashed line 320 is larger than the amplitude
of the solid line 310. Accordingly, the signal component
cannot be distinguished from the noise component. That is,
the signal component is buried in the noise component.

Accordingly, the penetration depth of the subject 10 that
may be observed without the signal processor 160 performing
signal processing is the penetration depth 330.

A dashed line 340 in FIG. 3 represents a noise component
after the signal processor 160 has performed signal process-
ing. The tomography image generating apparatus 100 obtains
signal values using a plurality of patterns of the spatial light
modulator 120, separates a noise component and a signal
component based on the correlation of the signal values, and
performs signal processing to enhance the signal component
and decrease the amplitude of the noise component as repre-
sented by the dashed line 340.

Referring to FIG. 3, the amplitude of the dashed line 340 is
greater than the amplitude of the solid line 310 at a penetra-
tion depth 350. That is, after the signal processor 160 per-
forms the signal processing, the observable penetration depth
of the subject 10 increases from the penetration depth 330 to
the penetration depth 350. In addition, since the amplitude of
the noise component decreases as a whole as represented by
the dashed line 340, the amplitude of the signal relative to the
noise is enhanced. Accordingly, the signal processing per-
formed by the signal processor 160 enables the tomography
image generating apparatus 100 to recover signals buried in
the noise component.

FIG. 4 is a view illustrating an example of an optical
coherence tomography apparatus that is an example of the
apparatus for generating tomography images illustrated in
FIG. 1. Referring to FIG. 4, the optical coherence tomogra-
phy apparatus 400 includes a light source 410, a spatial light
modulator 421, a modulation controller 430, a data detector
440, a signal processor 450, an image generator 460, an
interferometer 470, and an optical probe 480. The descrip-
tions of the light source 110, the spatial light modulator 120,
the modulation controller 130, the data detector 150, the
signal processor 160, and the image generator 170 in FIG. 1
are also applicable to the light source 410, the spatial light
modulator 421, the modulation controller 430, the data detec-
tor 440, the signal processor 450, and the image generator 460
in FIG. 4, and thus will not be repeated here. Thus, it may be
seen that even if repeated below, the description of the tomog-
raphy image generating apparatus 100 in FIG. 1 and the
descriptions of FIGS. 2 and 3 are also applicable to the optical
coherence tomography apparatus 400 in FIG. 4.

The optical coherence tomography apparatus 400 illus-
trated in FIG. 4 includes only components related to this
example to avoid obscuring the features of this example. It
will be apparent to one of ordinary skill in the art that other
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components besides the components illustrated in FIG. 4 may
also be included in the optical coherence tomography appa-
ratus 400.

The light source 410 emits light. The light emitted from the
light source 410 may be wavelength-swept light or laser light,
but is not limited thereto. The light emitted from the light
source 410 enters the interferometer 470. In the example in
FIG. 4, the spatial light modulator 421 is located between the
light source 410 and the interferometer 470. Thus, in this
example, the light from the light source 410 is modulated by
the spatial light modulator 421, and the modulated light from
the spatial light modulator enters the interferometer 470.

The spatial light modulator 421 modulates the phase of
light according to a pattern. The spatial light modulator 421
may modulate the phase of any one of a measured light, a
reference light, and the light emitted from the light source
410. Accordingly, the spatial light modulator 421 may be
located ata second location 422 or a third location 423 instead
of at the location between the light source 410 and the inter-
ferometer 470 as shown in FIG. 4. That is, the spatial light
modulator 421 may be located at any one of a location
between the light source 410 and the interferometer 470 to
modulate the light emitted from the light source 410, a loca-
tion between areference mirror 474 and abeam splitter 472 of
the interferometer 470 to modulate a reference light, and a
location between the beam splitter 472 and the optical probe
480 to modulate a measuring light separated from the beam
splitter 472.

The modulation controller 430 sequentially applies each of
the plurality of patterns to the spatial light modulator 421.

The interferometer 470 divides the light emitted from the
light source 410 into a measuring light and a reference light,
directs the measuring light to the subject 10 through the
optical probe 480, and receives through the optical probe 480
aresponse light that is a reflection of the measuring light from
the subject 10.

The interferometer 470 includes a beam splitter 472 and a
reference mirror 474. The light received from the light source
410 is split into a measuring light and a reference light by the
beam splitter 472. The measuring light from the beam splitter
472 enters the optical probe 480, and the reference light is
incident on and reflected from the reference mirror 484 and
then returns to the beam splitter 472. The measuring light
entering the optical probe 480 is directed to the subject 10
whose inner tomography image is captured through the opti-
cal probe 480, and the response light that is the reflection of
the measuring light from the subject 10 is directed to the beam
splitter 472 of the interferometer 470 through the optical
probe 480. The response light and the reference light reflected
from the reference mirror 474 interfere with each other and
generate interference light at the beam splitter 472.

The optical probe 480 includes a collimator lens 482, a
galvano scanner 484, and a lens 486. The galvano scanner 484
is a mirror that can be rotated through a given angular range
about an axis, and may be implemented as a microelectrome-
chanical system (MEMS) scanner driven by a driving force
generated by a MEMS motor. The measuring light received
from the interferometer 470 is collimated by the collimator
lens 482 of the optical probe 480 and reflected from the
galvano scanner 484 so that the traveling direction of the
measuring is adjusted and the measuring light is directed to a
spot on the surface of the subject 10 after passing through the
lens 486.

The depth scanner 140 in FIG. 1 corresponds to the inter-
ferometer 470 and the optical probe 480 in FIG. 4. Accord-
ingly, the interferometer 470 and the optical probe 480 per-
form a depth scan on one spot on the surface of the subject 10
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using modulated light received from the spatial light modu-
lator 421, and repeat the depth scan on the same spot for each
of a plurality of patterns of the spatial light modulator 421.

The data detector 440 detects an interference signal from
the interference light generated by the response light and the
reference light at the beam splitter 472, and detects a spec-
trum signal for each of the plurality of patterns of the spatial
light modulator 421 based on the interference signal. The data
detector 440 outputs the spectrum signal for each of the
plurality of patterns to the signal processor 450. Each time the
data detector 440 outputs a spectrum signal for one of the
plurality of patterns to the signal processor 450, the data
detector 440 transmits a control signal to the modulation
controller 430 to control the modulation controller 430 to
apply a next pattern of the plurality of patterns to the spatial
light modulator 421.

The signal processor 450 generates a matrix R representing
a vector space based on the correlation of signal values of
depth scan data for each of the plurality of patterns, performs
a matrix decomposition on the matrix R, divides the vector
space represented as a sum of subspace components into a
noise subspace and a signal subspace based on a matrix
obtained by the matrix decomposition, and reconstructs a
vector space based on either one or both of the components of
the signal subspace and the components of the noise sub-
space.

The image generator 460 generates a tomography image
based on the reconstructed vector space.

In addition, the optical coherence tomography apparatus
400 may further include a light controller 145 that horizon-
tally moves the location of the spot on the surface of the
subject 10 on which the modulated light from the optical
probe 480 is incident. Since the description of the light con-
troller 145 that may be included in the tomography image
generating apparatus 100 illustrated in FIG. 1 may also be
applied to the light controller 145 that may be included in the
optical coherence tomography apparatus 400 illustrated in
FIG. 4, the description will not be repeated here.

Accordingly, the optical coherence tomography apparatus
400 obtains signal values based on a plurality of uncorrelated
patterns of the spatial light modulator 421, separates noise
components and signal components based on the correlation
of the signal values, and enhances the signal components.
Thus, the optical coherence tomography apparatus 400
increases a signal-to-noise ratio (SNR) and thus a resolution,
and generates a tomography image having an increased pen-
etration depth.

FIG. 5 is aflow chart illustrating an example of a method of
generating tomography images. Referring to FIG. 5, the
method described in FIG. 5 includes steps that are processed
sequentially by the tomography image generating apparatus
100 illustrated in FIG. 1 or the optical coherence tomography
apparatus 400 illustrated in FIG. 4. Accordingly, the descrip-
tions provided above of the tomography image generating
apparatus 100 illustrated in FIG. 1 and the optical coherence
tomography apparatus 400 illustrated in FIG. 4, as well as the
descriptions provided above of FIGS. 2 and 3, are also appli-
cable to the method illustrated in FIG. 5.

In operation 510, the depth scanner 140 performs a depth
scan on one spot on the surface of the subject using modulated
light received from the spatial light modulator 120.

In operation 520, the depth scanner 140 repeats the depth
scan for each of a plurality of patterns of the spatial light
modulator 120 on the same spot, and the data detector 150
obtains depth scan data for each of the plurality of patterns.

In operation 530, the signal processor 160 forms the matrix
R representing a vector space based on the correlation of
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signal values of the depth scan data for each of the plurality of
patterns. For example, the matrix R may be a covariance
matrix of signal values of the depth scan data for each of the
plurality of patterns.

In operation 540, the signal processor 160 performs a
matrix decomposition on the matrix R. For example, the
signal processor 160 may decompose the matrix R by per-
forming an eigenvalue decomposition or a singular value
decomposition.

In operation 550, the signal processor 160 divides the vec-
tor space represented as a sum of subspace components into a
noise subspace and a signal based on a matrix obtained by the
matrix decomposition. For example, the signal processor 160
may determine a threshold based on the characteristics of
subspace components or noise levels of signal values, and
divide the vector space into a noise subspace and a signal
subspace based on the threshold and the matrix obtained by
the matrix decomposition.

In operation 560, a vector space is reconstructed based on
either one or both of the components of the signal subspace
and the components of the noise subspace. Accordingly, the
signal processor 160 may separate noise components and
signal components and enhance the signal components, and
may thus restore signals buried in noise components.

In operation 570, the image generator 170 generates a
tomography image based on the reconstructed vector space.
Accordingly, the image generator 170 may generate a tomog-
raphy image having an increased signal-to-noise ratio (SNR)
and an increased penetration depth.

The modulation controller 130, the data detector 150, the
signal processor 160, and the image generator 170 in FIG. 1
and the modulation controller 430, the data detector 440, the
signal processor 450, and the image generator 460 in FIG. 4
described above that perform the operations illustrated in
FIGS. 2, 3, and 5 may be implemented using one or more
hardware components, one or more software components, or
a combination of one or more hardware components and one
or more software components.

A hardware component may be, for example, a physical
device that physically performs one or more operations, but is
not limited thereto. Examples of hardware components
include resistors, capacitors, inductors, power supplies, fre-
quency generators, operational amplifiers, power amplifiers,
low-pass filters, high-pass filters, band-pass filters, analog-
to-digital converters, digital-to-analog converters, and pro-
cessing devices.

A software component may be implemented, for example,
by a processing device controlled by software or instructions
to perform one or more operations, but is not limited thereto.
A computer, controller, or other control device may cause the
processing device to run the software or execute the instruc-
tions. One software component may be implemented by one
processing device, or two or more software components may
be implemented by one processing device, or one software
component may be implemented by two or more processing
devices, or two or more software components may be imple-
mented by two or more processing devices.

A processing device may be implemented using one or
more general-purpose or special-purpose computers, such as,
for example, a processor, a controller and an arithmetic logic
unit, a digital signal processor, a microcomputer, a field-
programmable array, a programmable logic unit, a micropro-
cessor, or any other device capable of running software or
executing instructions. The processing device may run an
operating system (OS), and may run one or more software
applications that operate under the OS. The processing device
may access, store, manipulate, process, and create data when
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running the software or executing the instructions. For sim-
plicity, the singular term “processing device” may be used in
the description, but one of ordinary skill in the art will appre-
ciate that a processing device may include multiple process-
ing elements and multiple types of processing elements. For
example, a processing device may include one or more pro-
cessors, or one or more processors and one or more control-
lers. In addition, different processing configurations are pos-
sible, such as parallel processors or multi-core processors.

A processing device configured to implement a software
component to perform an operation A may include a proces-
sor programmed to run software or execute instructions to
control the processor to perform operation A. In addition, a
processing device configured to implement a software com-
ponent to perform an operation A, an operation B, and an
operation C may have various configurations, such as, for
example, a processor configured to implement a software
component to perform operations A, B, and C; a first proces-
sor configured to implement a software component to per-
form operation A, and a second processor configured to
implement a software component to perform operations B
and C; a first processor configured to implement a software
component to perform operations A and B, and a second
processor configured to implement a software component to
perform operation C; a first processor configured to imple-
ment a software component to perform operation A, a second
processor configured to implement a software component to
perform operation B, and a third processor configured to
implement a software component to perform operation C; a
first processor configured to implement a software compo-
nent to perform operations A, B, and C, and a second proces-
sor configured to implement a software component to per-
form operations A, B, and C, or any other configuration of one
or more processors each implementing one or more of opera-
tions A, B, and C. Although these examples refer to three
operations A, B, C, the number of operations that may imple-
mented is not limited to three, but may be any number of
operations required to achieve a desired result or perform a
desired task.

Software or instructions for controlling a processing
device to implement a software component may include a
computer program, a piece of code, an instruction, or some
combination thereof, for independently or collectively
instructing or configuring the processing device to perform
one or more desired operations. The software or instructions
may include machine code that may be directly executed by
the processing device, such as machine code produced by a
compiler, and/or higher-level code that may be executed by
the processing device using an interpreter. The software or
instructions and any associated data, data files, and data struc-
tures may be embodied permanently or temporarily in any
type of machine, component, physical or virtual equipment,
computer storage medium or device, or a propagated signal
wave capable of providing instructions or data to or being
interpreted by the processing device. The software or instruc-
tions and any associated data, data files, and data structures
also may be distributed over network-coupled computer sys-
tems so that the software or instructions and any associated
data, data files, and data structures are stored and executed in
a distributed fashion.

For example, the software or instructions and any associ-
ated data, data files, and data structures may be recorded,
stored, or fixed in one or more non-transitory computer-read-
able storage media. A non-transitory computer-readable stor-
age medium may be any data storage device that is capable of
storing the software or instructions and any associated data,
data files, and data structures so that they can be read by a
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computer system or processing device. Examples of a non-
transitory computer-readable storage medium include read-
only memory (ROM), random-access memory (RAM), flash
memory, CD-ROMs, CD-Rs, CD+Rs, CD-RWs, CD+RWs,
DVD-ROMs, DVD-Rs, DVD+Rs, DVD-RWs, DVD+RWs,
DVD-RAMs, BD-ROMs, BD-Rs, BD-R LTHs, BD-REs,
magnetic tapes, floppy disks, magneto-optical data storage
devices, optical data storage devices, hard disks, solid-state
disks, or any other non-transitory computer-readable storage
medium known to one of ordinary skill in the art.

Functional programs, codes, and code segments for imple-
menting the examples disclosed herein can be easily con-
structed by a programmer skilled in the art to which the
examples pertain based on the drawings and their correspond-
ing descriptions as provided herein.

While this disclosure includes specific examples, it will be
apparent to one of ordinary skill in the art that various changes
in form and details may be made therein without departing
from the spirit and scope of the claims and their equivalents.
The examples described herein are to be considered in a
descriptive sense only, and not for purposes of limitation. The
examples described herein are to be considered in a descrip-
tive sense only, and not for purposes of limitation. Descrip-
tions of features or aspects in each example are to be consid-
ered as being applicable to similar features or aspects in other
examples. Suitable results may be achieved if the described
techniques are performed in a different order, and/or if com-
ponents in a described system, architecture, device, or circuit
are combined in a different manner and/or replaced or supple-
mented by other components or their equivalents. Therefore,
the scope of the disclosure is defined not by the detailed
description, but by the claims and their equivalents, and all
variations within the scope of the claims and their equivalents
are to be construed as being included in the detailed descrip-
tion.

What is claimed is:
1. A method of generating a tomography image, the
method comprising:

performing a depth scan on one spot on a surface of a
subject using modulated light received from a spatial
light modulator configured to modulate either one or
both an intensity and a phase light received from a light
source according to a pattern for each of a plurality of
patterns of the spatial light modulator;

obtaining depth scan data for each of the plurality of pat-
terns of the spatial light modulator by repeating the
depth scan on the spot for each of the plurality of patterns
of the spatial light modulator;

forming a matrix R representing a vector space based on a
correlation of signal values of the depth scan data for
each of the plurality of patterns of the spatial light modu-
lator;

performing a matrix decomposition on the matrix R;

dividing the vector space represented as a sum of subspace
components into a noise subspace and a signal subspace
based on a threshold and a matrix obtained by the matrix
decomposition, wherein the threshold is determined
based on characteristics of the subspace components or
noise levels of the signal values;

reconstructing a vector space based on either one or both of
components of the signal subspace and components of
the noise subspace; and

generating the tomography image based on the recon-
structed vector space.
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2. The method of claim 1, wherein the dividing of the
vector space comprises:
determining a noise variance or a signal-to-noise ratio
(SNR) as the threshold; and

dividing the vector space into the noise subspace and the
signal subspace based on the threshold and the matrix
obtained by the matrix decomposition.

3. The method of claim 1, wherein the reconstructing of the
vector space comprises reconstructing the vector space based
only on the components of the signal subspace.

4. The method of claim 1, wherein the reconstructing of the
vector space comprises:

w

calculating a multiple signal classification (MUSIC) spec-
trum based on the components of the noise subspace;
and

reconstructing the vector space based on the calculated

MUSIC spectrum.

5. The method of claim 1, wherein the matrix R is a cova-
20 riance matrix of signal values of the depth scan data for each
of the plurality of patterns of the spatial light modulator.

6. The method of claim 1, wherein the performing of the
matrix decomposition on the matrix R comprises performing
an eigenvalue decomposition or a singular value decomposi-
tion on the matrix R.

7. The method of claim 1, wherein the performing of the
matrix decomposition on the matrix R comprises performing
an eigenvalue decomposition on the matrix R; and

the dividing of the vector space comprises:

30
ranking eigenvalues of an eigenvalue matrix obtained by
the eigenvalue decomposition in size order, the eigen-
values of the eigenvalue matrix corresponding to
eigenvectors of an eigenvector matrix; and
35

dividing the ranked eigenvalues based on the threshold
to divide the vector space into the noise subspace and
the signal subspace.
8. The method of claim 1, wherein the performing of the
matrix decomposition on the matrix R comprises performing
a singular value decomposition on the matrix R; and

the dividing of the vector space comprises:

ranking singular values of a singular value matrix
obtained by the matrix decomposition in size order,
the singular values of the singular value matrix corre-

45
sponding to singular vectors of a singular vector
matrix; and
dividing the ranked singular values based on the thresh-
old to divide the vector space into the noise subspace
50 and the signal subspace.

9. The method of claim 1, wherein the plurality of patterns
of the spatial light modulator are uncorrelated with each
other.

10. The method of claim 1, wherein the plurality of patterns
of the spatial light modulator are determined based on per-
mutations of a Hadamard pattern.

11. The method of claim 1, wherein the spatial light modu-
lator comprises a digital micromirror device (DMD), or a
deformable mirror (DM) device, or a Liquid Crystal on Sili-
con (LCoS) device.

12. The method of claim 1, wherein the method is an
optical coherent tomography (OCT) method or an optical
coherent microscopy (OCM) method.

65 13. A non-transitory computer-readable storage medium
storing a computer program for controlling a computer to

perform the method of claim 1.
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14. An apparatus for generating a tomography image, the
apparatus comprising:
a light source configured to emit light;
a spatial light modulator configured to modulate either one
or both of an intensity and a phase of the light emitted
from the light source according to a pattern;
a modulation controller configured to sequentially apply
each of a plurality of patterns to the spatial light modu-
lator;
a depth scanner configured to:
perform a depth scan on one spot on a surface of a subject
using modulated light received from the spatial light
modulator;

repeat the depth scan on the spot for each of the plurality
of patterns of the spatial light modulator; and

obtain light produced by the depth scan for each of the
plurality of patterns of the spatial light modulator;
a data detector configured to detect depth scan data for each
of' the plurality of patterns of the spatial light modulator
from the light produced by the depth scan for each of the
plurality of patterns of the spatial light modulator
obtained by the depth scanner;
a signal processor configured to:
form a matrix R representing a vector space based on a
correlation of signal values of the depth scan data for
each of the plurality of patterns of the spatial light
modulator;

perform a matrix decomposition on the matrix R;

divide the vector space represented as a sum of subspace
components into a noise subspace and a signal sub-
space based on a threshold and a matrix obtained by
the matrix decomposition, wherein the threshold is
determined based on characteristics of the compo-
nents of the subspace or noise levels of the signal
values; and

reconstruct a vector space based on either one or both of
components of the signal subspace and components
of the noise subspace; and

an image generator configured to generate the tomography
image corresponding to the spot based on the recon-
structed vector space.

15. The apparatus of claim 14, wherein the signal processor

is further configured to:

determine a noise variance or a signal-to-noise ratio (SNR)
as the threshold; and

divide the vector space into the noise subspace and the
signal subspace based on the threshold and the matrix
obtained by the matrix decomposition.

16. The apparatus of claim 14, wherein the matrix R is a
covariance matrix of signal values of the depth scan data for
each of the plurality of patterns of the spatial light modulator.

17. The apparatus of claim 14, wherein the signal processor
is further configured to perform an eigenvalue decomposition
or a singular value decomposition as the matrix decomposi-
tion on the matrix R.

18. The apparatus of claim 14, wherein the signal processor
is further configured to:

calculate a multiple signal classification (MUSIC) spec-
trum based on components of the noise subspace; and

reconstruct the vector space based on the calculated
MUSIC spectrum.
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19. The apparatus of claim 14, wherein the plurality of
patterns of the spatial light modulator are uncorrelated with
each other.

20. The apparatus of claim 14, further comprising a light
controller configured to horizontally move a location of the
spot on the surface on the subject on which the depth scan is
performed;

wherein the depth scanner is further configured to repeat

the depth scan for each of the plurality of patterns of the
spatial light modulator on the moved spot;

the data detector is further configured to obtain depth scan

data for the plurality of patterns of the spatial light
modulator for the moved spot;

the signal processor is further configured to reconstruct a

vector space for the moved spot; and

the image generator is further configured to:

generate a tomography image corresponding to the
moved spot based on the reconstructed vector space;
and

generate a final tomography image of a region corre-
sponding to all of the spots at which the depth scan
was performed by combining the tomography images
corresponding to all of the spots.

21. A method of generating a tomography image, the
method comprising:

generating a reference light and a measuring light from

light emitted from a light source;

modulating any one of the light emitted from the light

source, the reference light, and the measuring light with
a spatial light modulator configured to modulate either
one or both of an intensity and a phase of light according
to a pattern for each of a plurality of patterns of the
spatial light modulator;

performing a depth scan on one spot on a surface of a

subject by applying the measuring light to the spot and
receiving a response light from the spot;

repeating the depth scan for each of the plurality of patterns

of the spatial light modulator;

obtaining interference light produced by interference of the

reference light and the response light;

obtaining depth scan data for each of the plurality of pat-

terns of the spatial light modulator based on the inter-
ference light;

forming a matrix R representing a vector space based on a

correlation of signal values of the depth scan data for
each of the plurality of patterns of the spatial light modu-
lator;
performing a matrix decomposition on the matrix R;
dividing the vector space represented as a sum of subspace
components into a noise subspace and a signal subspace
based on a threshold and a matrix obtained by the matrix
decomposition, wherein the threshold is determined
based on characteristics of the components of the sub-
space or noise levels of the signal values;

reconstructing a vector space based on either one or both of
components of the signal subspace and components of
the noise subspace; and

generating the tomography image based on the recon-

structed vector space.
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